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A deletion map of the human Y chromosome was constructed by testing 96 individuals with 
partial Y chromosomes for the presence or absence of many DNA loci. The individuals 
studied included XX males, XY females, and persons in whom chromosome banding had 
revealed translocated, deleted, isodicentric, or ring Y chromosomes. Most of the 132 Y 
chromosomal loci mapped were sequence-tagged sites, detected by means of the poly- 
merase chain reaction. These studies resolved the euchromatic region (short arm, cen- 
tromere, and proximal long arm) of the Y chromosome into 43 ordered intervals, all defined 
by naturally occurring chromosomal breakpoints and averaging less than 800 kilobases in 
length. This deletion map should be useful in identifying Y chromosomal genes, in exploring 
the origin of chromosomal disorders, and in tracing the evolution of the Y chromosome. 

Among human chromosomes, the Y is 
unusual in that most of the chromosome 
does not participate in meiotic recombina- 
tion. This precludes construction of a ge- 
netic linkage map for most of the chromo- 
some. Instead. identification of Y-linked 
genes has depended on physical mapping 
based on naturallv occurring deletions. 
Such deletion mapping of the- Y chromo- 
some is practical because individuals with 
deletions of portions of the chromosome are 
viable and occur at a reasonable frequency 
in the human population. 

Initial attempts to map Y-chromosomal 
genes by deletion analysis were based on 
correlations of cytologically detectable Y 
anomalies with abnormal phenotypes. For 
example, cytogenetic studies of six sterile 
men with long arm (Yq) deletions led to the 
hypothesis that a gene associated with sper- 
matogenesis was located on proximal Yq 
(I). Similar attempts were made to define 
the portion of the chromosome related to 
the determination of gonadal sex (2). 
These early cytogenetic efforts suffered from 
the limited resolution and accuracy of chro- 
mosome banding patterns visualized by 
light microscopy. 

Later, Y-chromosomal deletion maps 
were constructed by hybridizcng Y-specific 
probes to immobilized genomic DNA's (3, 
4).  Because the Y is a ha~loid chromosome. 
the ability to determine precisely and accu- 
rately the extent of Y-chromosomal DNA 
in individuals with informative phenotypes 
has been limited only by the number of 
 robes used. If we assume that each deleted 

with loss of all sequences on one side and 
retention of all sequences on the other, 
DNA loci can be ordered according to their 
presence or absence in the genome of a 
given individual. Analysis of a collection of 
such individuals, each harboring a different 
deletion, can yield a self-consistent map 
comprising a series of ordered intervals. 
The boundaries of the intervals are defined 
by Y-chromosomal breakpoints in the indi- 
viduals used to construct the map. Correla- 
tion of the phenotypes of these individuals 
with their content of Y-chromosomal DNA 
can localize genes. Such deletion mapping 
has resulted in (i) identification of the sex 
determining gene (5) SRY, as well as a 
candidate gene for Turner syndrome (6),  
RPS4Y, and (ii) localization of other genes, 
including one responsible for the expression 
of the minor histocompatibility antigen, 
H-Y (7, 8). 

Creation of a deletion map results in the 
ordering of DNA loci along the chromo- 
some. The ordered loci constitute a physi- 
cal map with other virtues, apart from its 
utility in locating genes. A physical map 

Fig. 1. Ordering of Y-chromoso- A 
ma1 breakpoints and STS's by de- 
letion mapping. (A) Results of 
testing genomic DNA's from four 
individuals with partial Y chromo- 
somes for the presence or ab- co 
sence of four Y-specific STS's. 
PCR products were separated by 
polyacrylamide gel electrophore- ~ ~ 1 s :  

sis and visualized bv stainina with c 

Lhromosome has suffered a single break, ethidium bromide. (8) Inferred or- 
der of breakpoints and STS's, that 
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can be used to comDare the structure of the 
Y chromosome to that of the X chromo- 
some and to study structural diversity of the 
Y within the human population and among 
primates, thereby gaining information on 
both the evolution of chromosome struc- 
ture and the evolution of the human species 
through paternal lineages. A physical map 
can also be used to elucidate the mecha- 
nisms by which abnormal Y chromosomes 
are generated. 

We set out to produce a deletion map of 
the Y chromosome based largely on detec- 
tion of sequence-tagged sites (STS's). An 
STS is a short stretch of genomic sequence 
that can be detected by the polymerase 
chain reaction (PCR) (9) and mapped to a 
particular point in the genome, where the 
STS then serves as a landmark (10). The 
speed, sensitivity, and flexibility of PCR 
make it the method of choice for both 
construction and application of such a de- 
letion map. In addition, STS's and their 
corresponding PCR assays can be readily 
disseminated through electronic databases. 
This ~rovides a common ~ o o l  of loci for 
map construction and allows comparison of 
maps made by different investigators. More- 
over, the ability to order Y-chromosomal 
STS's suggested a strategy for constructing 
an overlapping set of yeast artificial chro- 
mosome (YAC) clones encompassing the 
euchromatic Y chromosome, as described 
by Foote et al. (1 I). The same PCR assays 
used to construct the deletion map also 
provided a facile means of identifying Y 
chromosomal YACs within a total genomic 
library (1 2). A correspondence between 
ordered STS's and YAC clones was imme- 
diately created, simplifymg the problem of 
ordering YAC's based on their STS con- 
tent. 

Y-chromosomal STS's. To generate a 
collection of STS's providing a near-ran- 
dom sampling of the chromosome, se- 
quence was obtained from several hundred 
~reviouslv uncharacterized Y-chromosomal 
DNA fra'gments. The fragments were de- 
rived from two recombinant lambda phage 
libraries constructed with Y chromosomes 
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that had been purified by flow sorting. The 
first library consisted of complete-digest 
Hind I11 fragments averaging 4 to 5 kb in 
length (13). The second library, construct-
ed with Y chromosomes flow-sorted from a 
human-hamster hybrid cell line, consisted 
of partial-digest Mbo I fragments averaging 
20 kb in length. To counter possible biases, 
two different strategies were used to select 
clones for sequencing. For the first library, 
clones deficient in common interspersed 
repeats were identified by probing with total 
human DNA; clones showing minimal hy-
bridization were selected. For the second 
library, clones showing strong hybridization 
with repetitive human DNA were selected; 
these should be enriched in interspersed 
repeats. In all, 296 distinct sequences were 
obtained, comprising 120 kb, or nearly 2 
percent of the Y chromosome (14). 

Computer matching algorithms were 
used to identify sequences that contained 
common, interspersed repeats (15). Such 
sequences are not suitable for creating 
STS's because they are unlikely to tag a 
specific site in the genome. As expected, 
the percentage of sequences judged free of 
repeats was significantly higher in the first 
library than in the second (Table 1). Still, 
41 percent of clones from the first library 
contained a repetitive element. This obser-
vation is consistent with the hypothesis 
that repeats should accumulate on the Y 
chromosome as a result of its restricted 
meiotic exchange and postulated low gene 
content (16). Similar data from other hu-
man chromosomes would provide a useful 
comparison. In any case, the presence of 
repeats rendered nearly half the Y se-
quences unsuitable for STS generation. 

A computer algorithm (17) was used to 
select PCR primer pairs from 155 sequences 
judged free of repeats as well as from the 
sequences of 40 previously characterized 
Y-chromosomal DNA probes. Nine addi-
tional primer pairs were selected from 
known Y sequences (Table 2). Primer pairs 

were initially tested on normal male and 
female genomic DNA's under a single set of 
buffer and thermal cycling conditions. 
More than 95 percent of primer pairs yield-
ed a product of expected size with these 
standardized conditions, facilitating subse-
quent STS mapping and YAC library 
screening (18). 

For most primer pairs, one of two results 
was obtained. Either the STS was Y-specific 
as demonstrated by a product of expected 
size from male DNA and its absence in 
female DNA, or the STS was classified as 
"male-female common" because DNA from 
both sexes yielded the expected product. A 
male-female common STS could derive 
from portions of the Y that share sequence 
similarity with the X chromosome (19-2 I), 
from regions of the Y that share similarity 
with autosomes (22), from contamination 
of the flow-sorted libraries with X or auto-
soma1 DNA. or from failure of the match-
ing algorithms to detect an interspersed 
repeat. As a means of distinguishing among 
these possibilities, the chromosomal loca-
tion of male-female common STS's was 
determined by scoring DNA's from the 
following hybrid cell lines: (i) a line con-
taining the Y as its sole human chromosome 
(23), (ii) two lines together containing 11 
different human autosomes (half the human 
genome) (24), and, as necessary, (iii) a line 
containing the X as its sole human chromo-
some (25). The results revealed that, of 155 
STS's from anonymous phage inserts, 88 
were Y-specific, 30 were common to the X 
and Y, 25 were common to both the Y and 
at least one autosome, 10 were autosomal, 
and 2 were X-specific. The 30 X-Y common 
STS's were regionally localized on the X by 
means of four hybrid cell lines containing 
partial X chromosomes (26). Because of 
the highly specific nature of PCR assays, 
some of the Y-s~ecificSTS's mav actuallv 
derive from regions of X homology. Thus, 
the 21 Dercent of Y-derived STS's that are 
X-Y common may be an underestimate of 

Table 1. Common interspersed repeats identified by sequencing 296 anonymous segments of 
Y-chromosomal DNA. Segments were obtained from two Y-DNA libraries as described. Some of the 
sequences were derived from opposite ends of the same clone but did not overlap. 

Number of sequences 

Containing repeats Free of obvious 
repeats Totalt 

Alu L1 Other* 

First 
21 (12%) 32 (18%) 22 (12%) 108 (59%) 182 

Second 
29 (25%) 27 (24%) 10 (9%) 50 (44%) 114 

Combined 
50 (17%) 59 (20%) 32 (11%) 158 (53%) 296 

*Includes matches to human transposable elements, retroviruses, simple sequence repeats, alpha and beta 
satelites, mitochrondrial DNA, and unidentified repeats. tone sequence from the first library and two from the 
second contained portions of both Alu and L1 repeats. These were counted only once in the total. 

the fraction of the euchromatic Y that is 
homologous to the X. The 182 STS's 
ultimately used in deletion mapping or 
YAC contig construction are listed in 
Table 2. 

Creation of a deletion map. Deletion 
mapping of.the STS's was achieved by scor-
ing their presence or absence in individuals 
with partial Y chromosomes. Three hundred 
individuals suspected of having Y deletions 

Fig. 2 (next page). A 43-interval deletion map 
of the human Y chromosome. Along the left 
border are listed 96 individuals who carry part 
but not all of the Y chromosome [abbreviated 
karyotypes are given; the precise nature of 
some abnormal Y's is not known, having been 
originally identified as "markers" of unknown 
origin;M,  male; F, female;H ,  hemaphrodite (an 
individual with both testicular and ovarian tis-
sue)]. Samples WHT 1781A and WHT 1781B 
are cloned cell lines from the same individual. 
References are provided in the case of individ-
uals for whom some Y-chromosomal DNA f~nd-
ings were described previously.Along the top 
border are listed deletion intervals lAlA 
through 7. The short arm telomere (Ypter) is to 
the left and the long arm telomere (Yqter) is to 
the right. Interval 4B, the only segment present 
on all independently segregating Y chromo-
somes, contains the centromere (cen). Listed 
immediately below the intervals are 132Y-chro-
mosomal DNA loci comprising 122 STS's and 
ten unsequenced plasmid or phage ,clones. 
Locus names for genes, unprocessed pseudo-
genes, and heterochromatic repeats are given 
in parentheses. The presence or absence of 
most loci was detected by PCR; loci scored by 
hybridization are indicated by an asterisk; and 
five loci were scored by both methods. The 
body of the figure represents both experimental 
data and inferences. The experimentally dem-
onstrated presence of a locus in an individual is 
indicated by a black segment; the inferred 
presence (by interpolation) of a locus in an 
individual is indicated by a gray segment; ex-
perimentally demonstrated absence is indicat-
ed by a minus, and inferred absence is indicat-
ed by the absence of any symbol. White boxes 
represent positive PCR results, and these must 
be interpreted in the context of the Y-specific-
repeat nature of the sequences being consid-
ered. It is very likely that these positive results 
reflect the existence of closely related, cross-
amplifying sequences in other portions of the Y 
chromosome.Gray boxes represent a few PCR 
results for repeated or X-Y homologous loci that 
are posltive but of reduced strength relalive to 
results obtained with normal males. Such re-
duced signals could result from contamination 
of genomic DNA's, from chromosomal break-
age with~na repeat array, or from closely relat-
ed, cross-amplifying sequences elsewhere in 
the genome.Within an interval,the order of loci 
is not known. Deletion interval nomenclature 
was based on the seven-interval map of Verg-
naud eta/.(3)and subsequent refinements (40, 
42). Inclusion of many individuals studied by 
Vergnaud et a/, ensured correspondence be-
tween the original seven intervals and the 43 
intervals shown here. 
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Fig. 2 
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were studied in our laboratory over 10 years. 
These individuals were ascertained either by 
microscopic detection of an aberrant chro-
mosome or by discordance between sex 
chromosome constitution and sex pheno-
type. At the time of DNA collection, a 
coarse map of the sex-linked portion of the 
chromosome (3) was used to localize grossly 
the breakpoint in each individual by screen-
ing with a small number of probes. A 
Y-chromosomal breakpoint was detected in 
about 150 of the individuals tested (27). 
More detailed information on the chromo-
somal breakpoints in some of these individ-
uals and on about 80 of the clones from 
which STS's were derived was available be-
cause of efforts to refine the deletion map by 
Southern blot hybridizationprior to initiation 
of the PCR-based strategy. This information 
served as the starting point for construction of 
the PCR-based deletion map. 

We mapped 104 Y-specific STS's by scor-
ing the presence or absence of a band of 
expected size after resolution of PCR prod-
ucts by gel electrophoresis (Fig. I). Fre-
quently, an STS was localized to a single 
interval with as few as ten reactions, by 
successively scoring small numbers of chro-
mosomes selected to provide maximum in-
formation. Most STS's were initially local-
ized to one of two regions, corresponding 
roughly to Yp (the short arm) and Yq (the 
long arm), and then further localized by 
scoring deleted chromosomes known from 
hybridization results to subdivide Yp or Yq. 
When STS's originated from probes present 
on the hybridization map, the process was 
abbreviated. As mapped STS's accumulated, 
additional chromosomes were recruited from 
among the 150 to enhance the resolution of 
the map. Selected STS's mapping to the 
same region were scored against chromo-
somes with possible breaks in that region. 
New intervals were created when some of 
these STS's were present on a partial chro-
mosome and others were absent. All STS's 
from the region were then scored on the 
chromosome and thereby assigned to one of 
the two new intervals subdividing the re-
gion. In this way, ordering information was 
efficiently extracted from the collection of 
deleted chromosomes and 104 STS's, and a 
map of increasing resolution was gradually 
constructed (Fig. 2). 

The existence of Y-specific repeats dis-
tributed about the chromosome posed a 
problem for this mapping strategy (3). Of 
the 104 Y-specific STS's, 18 derived from 
such repeats (Fig. 2, white boxes) and could 
not be localized to a single interval. Of 
these 18 STS's, 5 originated from probes 
that had detected distinct loci on Yp and 
Yq in previous hybridization studies (3), 
consistent with the PCR results. For some 
PCR assays, amplification of normal male 
DNA produced a complex pattern of het-

eroduplexes, indicative of repeated se-
quences, and in one case (sY55), the pat-
tern was used to map both a Yp and a Yq 
locus. Of the 18 Y-specific repetitive STS's, 
15 were conclusively localized to interval 
3C, on Yp, with evidence for at least three 
other Y-specific repeat blocks, one near the 
centromere (intervals 4A to 5H), and two 
on Yq (intervals 51 to 6A and 6B to 7). 
Three Y-specific repetitive STS's were not 
present on Yp but mapped to two regions of 
Yq (intervals 5L and 6B to 7). An addition-
al two assays (not among the 18) were 
obviously derived from Y-specific repeats 
because each generated two products of 
different sizes that mapped to separate in-
tervals, defining a total of four STS's (sY63, 
sY164. sY80. and sY112). 

Certain other regions of the Y chromo-
some were not amenable to PCR-based 
mapping because they share a high degree 
of sequence similarity with the X chromo-
some. Many of the PCR assays from these 
regions produced indistinguishable products 
from the X and Y chromosomes and. be-
cause the X chromosome is present in all 
individuals, could not be mapped with the 
panel of Y deletions. Instead, regional lo-
calization of the 30 X-Y common STS's on 
the X chromosome (see above) made it 
possible to deduce their likely location on 
the Y on the basis of prior knowledge of X-Y 
homologies. Of these STS's, 23 mapped to 
proximal Xq, suggesting that they originate 
from a portion of Yp with more than 98 
percent sequence identity to Xq21 (19). 
Seven other STS's mapped to distal Xp and 
probably derive from the pseudoautosomal 
region or two sex-linked regions of Xp22.3 
and Y homology (21). One STS mapped to , 
distal Xq and may derive from a region of 
Xg-Yq homology (22). Of the 30 X-Y com-
mon STS's, 29 were placed on the YAC 
contig map of the Y described by Foote et al. 
(1I) ,  and their locations were consistent 
with these inferences. 

The Yp-Xq21 homologous region consti-
tutes a large portion of Yp, as suggested by 
the 16 percent of anonymous Y-chromoso-
ma1 STS's that derive from it. A deletion 
map of this region was constructed by iden-
tifying Y-specific restriction fragments for 
25 probes and scoring the presence or ab-
sence of these fragments in the genomes of 
XX males, XY females, and other individ-
uals with Yp breakpoints (28). These hy-
bridization data were combined with the 
PCR data to yield a composite map consist-
ing of 43 deletion intervals covering the 
entire sex-linked portion of the Y chromo-
some (Fig. 2) (29). Together, the hybrid-
ization and the PCR yielded more than 
2900 data points for 132 Y loci on the 
DNA's of 96 individuals with uartial Y 
chromosomes, an average of more than 30 
loci scored per chromosome. 

The 97 well-characterized Y chromo-
somes (Fig. 2) derive from human individu-
als, many-with abnormal phenotypes. They 
represent a valuable resource for localizing 
phenotypes to portions of the Y chromosome 
by phenotype-karyotype correlations. The 
Y-chromosomal phenotypes that have been 
identified but for which candidate genes 
have yet to be discovered include a gene 
necessary for the expression of H-Y antigen; 
a spermatogenesis factor; a gene contributing 
to gonadoblastoma, a rare neoplasia; and 
stature determinants (1, 7, 8, 30). Because 
37 of the 43 intervals can be scored by PCR 
alone, the extent of Y-chromosomal DNA 
present in any individual can be zssessed in a 
matter of hours with minimal consumption 
of DNA. The ability to automate PCR 
should allow the scoring of a large number of 
chromosomes for many loci, facilitating de-
tection of small rearrangements, the type 
most useful in localizjng genes. 

The nature of Y-chromosomal rear-
rangements. The mechanisms that created 
the aberrant chromosomes shown in Fig. 2 
are not clear. Of 95 breakpoints falling in 
the euchromatic region (intervals l A l A  to 
6F), 54 are the result of translocations 
between the Y and other chromosomes. In 
all -but 10 of these 54 cases, the transloca-
tion uartner is the X chromosome. These 
results are all the more striking when we 
consider that the X chromosome makes uu 
only 2.5 percent of the normal male ge-
nome (31). 

The frequency with which two chromo-
somes undergo aberrant recombination is 
likely a function of both their proximity 
during meiosis and the degree and extent of 
nucleotide seauence similaritv between 
them. In male meiosis, Xp and Yp pair and 
recombine at their distal extremes (the 
pseudoautosomal region). Mistakes in ;his 
process may account for the 34 X;Y translo-
cations (in XX males and XY females) in Fig. 
2 that involve recombination between Xp 
and Yp (32). As discussed earlier, extensive 
sequence similarity (outside of the pseudoau-
tosomal region) exists between Xp and por-
tions of Yp and Yq. Of 42 Xp;Y translocation 

Table 2. Y-chromosomalSTS's.ha l l ,  182 STS's 
were generated from known sequences or by 
sequencing anonymous fragments and ends of 
YAC inserts (45). For each STS are listed the 
locus designation, PCR primer sequences, and 
PCR product size. The "left primer" was arbitrari-
ly defined as corresponding to the sequenced 
(or published) strand. All sequences are listed 
5' (left) to 3' (right). PCR products for several 
X-Y common and Y-specific repetitive STS's 
displayed heteroduplex bands when resolved 
by polyacrylamide gel electrophoresis due to 
cross-amplifying sequences on the X or else-
where on the Y. These bandswere usedto score 
the presence or absence of Y loci. 
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Table 2. 

Lows Len Pr imr 
DXYS14 ACCCOCTMTCTCOGCTATC 

L a u s  L.ft Pr imr 
DXYSl26 TNXACTCAGAGTGATGTCACC 
DXYSl27 CCAGATATGTCCACATGrrCC 
DYS270 TCATWCAGCCAGGGTArn 
DYS280 TCCTACAGATGTCCAAAGTGC 
DXYS3 TTCCCATACMTGGTGTGTG 
DYS281 MCTTCATCAGTGTTACATCMGG 
DM262 TGTCAGCAGOClTAGlTCCT 
STSP GACTCAGOOATCCAGGKG 
DYS106 TAAAGGAAClTCTGTGTGTMKA 

AaM Primr Sire b l  
ATOACOOAMGTCSCGOAGA 109 
TTAGAGTCTGCAlTffiGCCT 210 
AGGTCACCTOOATGGTCAGT 200 

D X Y S ~GTCCTCMTOAGACCT& 
DXYS26 GGMCTGOCllTrCArnCC 
DXYS67 CTGCTCTCATCTGGMGCG 
DXYSOB KiMGllTCTTCTCCACCTOC 
DXYS15 TATITAT-TTGCCCCC 

GGTGCTOSiOMTGAOACTrG 139 
TCTGCCATCCTMTGATGGT 1 U  
TMTACMGCCAGACGAGCC 261 
TITOCTGAGCACCTKiAAGG 201 
C A G G a T M A G W r n T C C  138 
TrCACCMTGGhGTmAAACC 100 
GTCTGAGCCATCTCACACCT 107 

- - ~ - - -

DXYS~S ACCACAOOGCCTATC~G 
DXYS125 CCCAGffiTCTMTCAClTGA 
CSFZRA MATTCMTGOCTTCACTCCA 
DXYSOl ATTCCTTCTCGTG04CATCA DYS107 TmGCACClTCACAGATGA 

DYSl08 CACTACCACATITCTGGTTOC. 
DYSIOO TMTCAGTCTCCTCCCAGCA 
DYSZOO CAGCMMAGGACTAAGGCA 
DYSZOl MGGGClTClTCTCTTOCTT 

A M A l T G T W T C T o a A A ~ M G G  241 
TGGATCTCT004AmOoM 130 
AGGGAGCRAAACTCACCGT 301 

DYS252 
DXYS42 
DXYS60 
DXYSlOB 
DXYS107 
DXYSS 
DXYSlW 
DXYSlW 
DXYS10 
DXYS110 
DXYSl l l  
DXYS112 
DXYS113 
DXYS114 
DXYSllS 
DYS253 
DXYS116 
DXYSP 
DXYS6 
DXYSll7 
DXYSl18 
DXYS8 
DXYSllO 
DXYS120 
DYS254 
DXYSl21 
DYS255 
DXYSIP 
DXYSO 
DXYSl2 
DXYSl23 

-- .-. 
GCTCACAGTCCAAAAOOAM 
MMGCTOAOCTCACCMTG 
CArnTCAGTGCOAOTCA 
GTTCmCCACAGCCCATAG 
TGCACTCATGGAOACMCAG 
TITCACACTGTTAGAMTCAGGC 
TGTGTCAlTGUICm&CC 
G~GrnCATGCTCCATAC 
GTACCTCTGCAGGCACTGAT 
AGGCTCCATCTGTAGCACAC 
ACAlTGTCAATCAGTGTcMGG 
AGTTCACAGMTGGAOCCTG 
AGAATGAGTGCACCTGTAACA 
CCGTGTGTIGCTGGGCTGTC 
CAGGCAGGACAGrnAAAAG 

.... ..-..-- .--.-....... 
OTCTrGTGCMACTCTGOCT 
CASTCCACMGCMTGAATG 
ACCTITCAGTCW3GGTGGW 
TO(IMCACMTCCAAMTrG 
MCCAGGGl7TXCTGUA 
TGGOACACTATG04GGCTM 
CASTCCCCATGMGTCAMC 
CAGGOAOAGAGCCTmACG 
ACACMTCCMCCTGGCTM 
TAACClTATAGACCAACCCCG 
AAAAGGCAAGTGMTGAAGC 
CCTGTGACTCCAGrnGGTC 
CACCCCTMTAATACAGCTTCC 
GffiGllTATACTGACCTGCC 
A C T G T G G C A M r n C m C  
CCGGW\OAAAAAAAACTGM 
CrncMGTOCATAcATGGTG 
CTGCAGGCAGTMTMGGOA 
N X C C M T G T m T m A  
MGTOOGACCTMGCTACOA 
TGGWTCACrmOCMCT 

TOAOlTGCElTGAa ATGTA 
MGTTATCAAMllTOAOOAMOC 

CCCTATCAGCTCTGTAGCCA 
ClTcAGATCAGAlTMGGTOCTCT 
TGGCACMTCTCAGCATATG 
~ C A T G M G l l T G A C U O C  
TOAAMCTGOCTCTCCTCAC 
ACTGTGACEOAOCTOMMT 

AGClTCAOOAaGlTCAAMC 
AGAGAGrnTMCAGGOCG 
ACATATCCCTTGCCAClTCA 
GAGAGTCATMTGCCGXGT 
ArnCTCTGCCCTTCACCAG 
GTCTOCCTCACCATMMCG 
CAmCCACATTATGATAAlTATGC 
CACATGAAGCACTGGAACTG 
AGGGTAUATOCATAAGCCC 
CACATGAAGCACTGGAACTG 
TTCAGAGGAATCATGTGGGT 
ACAAGTCCTU\AACACACTGG 

GlTGTCTGGAMTCCCTGTG 
~ATCCTGCTGCTffiGTMG 
AGGGCCTGAGTCTCCAGG 
AATGmU\TCACCAlTATCCC 
CTcCATGClTGCTTmCTc 

TAmOTGCSMMTCTffiC 
ATCTGTOAAOCACCCACTGT 
GAGOCMTCACAAATTCTffi 
ATAcAGCllTAllTCTTGCrmC 

DXYS124 
DXYS128 
DXYS4 
D Y F S 1  
DYF57S1 
DYF67S1 
DYFSBSI 
DYS257 
DYS258 
DYFSOSI 
DYZ4 
DYF60Sl 
DYF61Sl 
DYF65SZ 
DYFB2S1 
DYS260 
DYS261 
DYS262 
DYS263 
DYS264 
AMGL 

lTMAGGCAlTf f iTGUMA 
MGCACGcCTACClTCACCT 
CTCMMrnCCGTGTGClT 
CAGACACAGCAGGACTAGCA 
CCAGAGAmATGQCAGGTG 
CllTGATCCAGGCATGAAC 
W T C E C N X C T C A T W  
OMClTGTCGGOAOOCMT 
TTCCCMGTGTCATCCTGlT 
AMTCTGTACAlTCCTMCAGCO 
GGmffiGATCCTATTATTGAGTG 
GTCTCTCCTOOMAOMMCG 
TGGCTCAMGGTRGCIUTA 

TACllTCCCTOmETGCCA 
CrnGCTAGGTAAGACCCACAA 
CGCCAMAcAOOAWlTAGA 
GCMrnMTAGCdJ\OCCA 
GGCTGMTCTCCAGCAOTAOT 
CTCAACACAAAACCACCCAT 
T C C A G M G O C A T G l T m  
TGATACACmTCCmKiTGG 
MCTACCCCAMTCGGTCTC 
T O C A M G G A T ~ T G T  
ITITCClTAGTATCTAGDCCMTG 

DYS220 
DYS230 
DYS231 
DMSOSI 
DYFSlSl 
DYF52Sl 
DYS232 
DYS233 
DYSl 
DYS235 

' KAL-Y 
DYSZUT 
DYS237 
DYS238 
DM5351 
DYS230 
DYS240 
DYS241 
Dvz2 
DYZl 
DYS243 

GCAC;TTCCATrGllTGCTT 
AGClTCTAlTcG4GGOClTC 
GCAGGATGAGAAGCAGGTAG 
TCATCTGCCACCATCAACAT 
C A A C A C ~ A C T C A T A T A C T C G  
ACAAAAATGTffiCTCAGOOA 
TITCTCG~GATGATOCTAG 
AMTGUMMGATACXMAXTCO 
TGTCACACTGCCCTMTCCT 
GGGAGAGTCACATCAClTGG 

GCAGCATMTAGCTATACAGTATGG 
CTCTCTGCAATCCCTGACAT 
CCGTGTGCTOOAGACTAATC 
ACGTGmCTACACCTOCCC 

b TTGAW\ATAATTGTATGmACGGG 
MATAGTGTGCCCACCCAAA 
l l M T A T G A C A A T G A ~ G A T G T  
GMTCCCACCCMOMTCTG 
TGGTCATGACAAMOACGM 
lTGUlTATCTGCCTOMiTGc 
T T A C l T G 4 m K ; C M T U G G  
ACAOOAOOGTACTTAGCAGT 
CMCCCAMAGCACTOAGTA 
~ C A O A T M A C l l l C U i T f f i  
rnMGcCTGTGACCTGG 
ATGTCAGffillTCCllTOCC 
CCTGCTGTCAGCAAWITACA 
ACAGTGGmGTAGCGGGTA 
CACAnATATAATATGTATmGTc 
TCAlTOCAlTCCrnCCAlT 
GCCTAGCAAAGAGTCAGTGC 

MATCTGTAGTCTCATATCMTCTG 
MOACAGTCTGCCATGTRU 
GCATCCTcArnTGTCCA 
maCACCAGG4lTMCrrGA 
ATmGCClTGCATTOCTAG 

ATGTACAOOGAOAOACAGATMT TCTGTTAMCCMCCATCACTACC 
TTCAMCTCCACMClTCACTG GTmCATTOCTGTCTGT040A 

- ~ -

CAGTGTCCACTGATC%T&.~ 261 
CMlTlOOTTTC%CTGACAT 275 
GCCTACTACCTGaGGCTrC 326 
ACAGGCTAmGACTGGCAG 360 
ACACACA-CCCT 320 
ACTGCAGGMGMTCAGCTG 252 
CACCCAGCCATKGTITBC 123 
TATGGTOMGGTCATGAGACA 203 

- - - ..-.. ...-.--........--....... 
sY 173 DYF55S1 MCATCAClTlMGTGlTCTOCC 
sY 174 DXYSOB ACCGGMTACAGCATOAAOA 
sY 175 DXYSOO TGACACCATGTACCCAAATG 
sY 176 DXYSIW GAAGTTEGAGcACCAlTGT 
sY 177 DXYSlOl TGACTGlTGTGATAlTfTCTGG 
sY 178 DXYSlO2 TACTMGAGCCAAAArrCCCA 

- -- .- .....-.......... 
CAGCACCCAGAToATGTrK: 
AGTTGGCmGATGGCCTC 
GffiTrCACAGGTrGTc;mC 
ACTCGCCTGGAAGTATKGC 
TCCTOCACCCATMATCAGT 
TrCTGACAGCAGaGACGTG 
lTCCTCAGGCGTCTTCCC 
lTCTCAAGAACCAGWCCA 

sY 170 DXYSl03 ACCGGAGTCCTffiTCTCTTG 
sY 180 DXYS104 TCACACTGKOTClTAACCTGC 

sYOO DYS278 CAGTCCCCCATMCACTlTC ATGGTMTACAGCAGCTCGC 176 sY 181 DXYSlOS mCTG3AAAlTCA7TmCG lTAGClTGAllGlTATGKMTTCG 203 
8YOl DYS136 CCCAAAAGTGACCACTOACA ATCTlTCCAAAGGGAAATTGG 101 sY182" KAL-Y TCAOAAGTGAAKCCTGTATG GCATGTOICTCAAAOTATAAGC 125 

'See (44). t S m n d  udng hetemduplsxer S Anneal a165%. § l\ppmdrnat. ma. llSee (46). 1Alsoa disSnctX bars. 1See (47). "Sea (48). tt See (49). 
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breakpoints, 19 bound Y intervals known to 
contain Xp-homologous sequences (33). In 
one instance, the translocation breakpoint 
has been sequenced and found to result 
from homologous recombination (34). 
Thus, a mix of X-Y sequence similarity and 
meiotic proximity may account for the ob-
served preponderance of X;Y translocations 
in our data set (35). 

Other types of recombination events 
may have generated deleted chromosomes 
elsewhere on the map. The numerous 
blocks of Y-specific repeats distributed 
about the chromosome could serve as sub-
strates in intrachromosomal recombination 
events. For example, isodicentric chromo-
somes could be generated by sister chroma-
tid exchange within a repeat array or be-
tween two separate arrays, provided that 
recombination occurred between inverted 
repeats on the same arm of the chromosome 
(36). Cytologically, the two halves of an 
isodicentric chromosome appear identical, 
as though a fragment of the chromosome 
containing an entire arm, the centromere, 
and a portion of the other arm duplicated 
and fused at the point of breakage. Of the 
97 abnormal Y chromosomes, 14 are known 
to be isodicentric (Fig. 2). The breakpoints 
of 12 of these 14 cluster in three regions of 
Yq and one region of Yp-all regions rich in 
Y-specific repeats, which is consistent with 
this hypothesis (11, 37). 

Interstitial deletions could result from 
recombination between direct repeats on 
the same arm of the chromosome. The 
abnormal Y in WHT1165 may have been 
produced by such a process. It has a break-
point adjacent to the centromere and is 
missing all euchromatic sequences from Yq, 
but the chromosome retains heterochro-
matic repeats from distal Yq that, although 
reduced in copy number, are sufficiently 
abundant to be detected bv in situ hvbrid-
ization (38). A degenerate pentameric re-
peat array of sequences like that of satel-
lite-3 lies adjacent to the centromeric 
breakpoint, and these sequences are similar 
to the DYZl repeats found in the Yq het-
erochromatin (11) . Homologous recombi-
nation between similar pericentric and dis-
tal Yq sequences may have created the 
interstitial deletion seen in WHT1165. 

Two assumptions underlie the construc-
tion of the deletion map: (i) that the order 
of the 43 intervals is the same for each of 
the 97 chromosomes studied, and (ii) that 
each deleted chromosome has sustained a 
single break with loss of all DNA on one 
side and retention of all DNA on the other. 
To the extent that either of these assump-
tions is not valid. chromosomes with more 
than one breakpoint will appear on the 
map. Only 5 of the 97 chromosomes show 
evidence of more than one breakpoint, an 
indication that the assumptions, are, to a 

large extent, valid (39). Several explana-
tions are oossible for the five exce~tional 
chromosomes. First, a chromosome may 
have sustained multi~lebreaks during a-
complex rearrangement. The ring Y of 
WHT1344 and the well-characterized dele-
tion of WHT1013 (40) may be of this type. 
Second, a paternal Y chromosome with a 
preexisting interstitial deletion may have 
sustained a terminal deletion. Third, Y 
chromosomes with inversions or which are 
otherwise structurally variant may be pre-
sent in the data set. Structural ~olvmor-

L 1 

phism has been hypothesized for the Y as a 
consequence of its restricted meiotic ex-
change and postulated reduced content of 
genes (16, 41).Let us suppose that one of 
the 97 chromosomes is a structural variant 
in which the order of several intervals is 
inverted, and that a single breakpoint falls 
within the inverted region. To fit data from 
this chromosome to a maD based on the 
other 96 chromosomes, it would be neces-
sary.to hypothesize an interstitial deletion 
as well as a terminal deletion, two more 
breakpoints than actually present. The ex-
ceptional chromosome of WHT715 may be 
of this type. It displays three breakpoints 
and was previously hypothesized to derive 
from a structural variant with a paracentric 
inversion of Yp (42). If the order of inter-
vals 4A-3C was inverted in the Y chromo-
some of the father, then a single break near 
interval 4A could account for the observed 
data. Such an inversion would juxtapose 
Y-specific repeats present in interval 3C 
with very similar repeats near the alphoid 
array in 4B (11). The observation that this 
chromosome carries an infrequent allele for 
a restriction-fragment polymorphism in in-
terval 6 is further evidence that it may be a 
rare variant (43). The overall paucity of 
apparent interstitial deletions in Fig. 2 sug-
gests that gross structural polymorphism of 
the euchromatic Y chromosome is quite 
limited, at least among the largely Cauca-
sian population tested here, in contrast to 
the findings of some other investigators 
(41). With the deletion and YAC maps as 
guides, comparison of the structure of the Y 
within human populations and among pri-
mates should provide further insights into 
the degree of structural polymorphism, the 
mechanisms of chromosome rearrange-
ment, and, possibly, the evolution of the 
human species. 
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